Abstract-The dependence of the leakage current in 1.3-m InGaAsP buried heterostructure (BH) lasers with p-n-p-n current blocking layers on well number, mesa width, and carrier density has been analyzed using a two-dimensional device simulator and compared with the electroluminescence (EL) emitted from InP layers. The analysis of the minority carrier flow reveals that the electron current flowing through the p-n-p-n current blocking layers is the dominant component of the leakage current. The measured EL intensity has two peaks at both sides of the nblocking layer apart from the active layer. The EL intensity decreases with increasing well number and carrier density of the p-blocking layer, and increases with increasing mesa width. These results are consistent with the simulations.
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I. INTRODUCTION
L ASER DIODES with low threshold current and reduced temperature sensitivity are indispensable to practical optical communication systems. Considerable effort has been expended to explain the high temperature sensitivity of InGaAsP lasers. Intervalence band absorption [1] , [2] and Auger recombination [1] , [3] , [4] are believed to be the primary causes. Carrier overflow from the active layer to the p-cladding layer (called heterobarrier leakage) can be another important mechanism for InGaAsP lasers with emission wavelength less than 1.2 m [1], [5] .
Intervalence band absorption and Auger recombination can be reduced by incorporating multiple-quantum-well (MQW) or strained MQW structures into the active region [6] with a supposed improvement of the value. Numerous practical device results have demonstrated the reduction of the threshold current by introducing MQW or strained MQW structures; however, no obvious improvement of the temperature sensitivity was obtained. Physical models and parameters were re-examined and the temperature dependence of the optical gain [7] - [9] or the electrostatic band deformation in the separate confinement heterostructure (SCH) region [10] , for example, were given as explanations.
Recently, we showed that the leakage current through the pn-p-n current blocking layers in 1.3-m buried heterostructure (BH) lasers is one of the dominant causes for poor values, and we reported the result of calculations using a twoManuscript received November 9, 1998; revised May 14, 1999 . The authors are with HF and Optical Semiconductor Division, Mitsubishi Electric Corporation, Hyogo 664-8641, Japan.
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II. 2-D DEVICE SIMULATION

A. Model
The calculations were carried out using a commercially available simulator LASTIP [12] . It simulates the laser characteristics by solving Poisson's equation, the current continuity equations for electrons and holes, and the wave and rate equations numerically by the finite element method.
The laser structure used in the simulation is shown in Fig. 1 . 
B. Leakage Current Through the p-n-p-n Current Blocking Layers
This section explains the leakage current in BH lasers flowing through the p-n-p-n current blocking layers. central p-n junction of the p-n-p-n current blocking layers in BH lasers had been assumed to be reverse biased like an offstate thyristor and only a small saturation current had been thought to flow there. However, Ohtoshi et al. [13] showed this was not the case and the central p-n junction of the p-n-p-n current blocking layers was forward biased before lasing. This is because the active layer is forward biased with a voltage determined by the threshold carrier density and because the voltage of the p-cladding layer and the adjacent p-blocking layer should be nearly equal. This condition is the same as triggering the central p-n junction of an off-state thyristor and, thus, the drift-diffusion current flows through the p-n-p-n current blocking layers. Fig. 2(a) is the total current (electron current hole current) distribution we calculated. The amount and the direction of the total current is represented by the triangles. As expected, the total current flows mainly through the active layer. Fig. 2(b) shows the electron current extracted and magnified from Fig. 2(a) . Note that the electron currents that flow in the active layer and n-cladding layer are not shown since, in these layers, both are too large to be shown simultaneously. The electron currents shown in Fig. 2(b) are leakage currents that do not contribute to lasing and are classified into three pathways. One is the current flowing through the p-n-p-n current blocking layers (p-n-p-n leakage current) (i), the others are the current overflowing from the n-cladding layer near the active layer into the p-blocking layer (ii), and the current overflowing from the active layer into the p-cladding layer (heterobarrier leakage current) (iii). The arrows (i), (ii), and (iii) illustrate the directions of electron flow which, of course, are opposite to those of the electron-current flow. The flow of electrons can be understood more clearly by a potential barrier profile. Fig. 3 shows a conduction band edge profile, which forms a potential barrier for electrons. As mentioned above, the potential of the p-blocking layer is almost the same as, but a little higher than, that of the p-cladding layer adjacent to the active layer. Therefore, electrons can overflow from the n-cladding layer to the p-blocking layer as illustrated by the arrows (i) and (ii). A large number of the leakage electrons (i), (ii), and (iii) flow into the n-blocking layer and out to the p-cladding layer. The amount of the electron overflow from the n-blocking layer to the p-cladding layer increases near the right side of the nblocking layer. This is caused by the decrease of the barrier height between the n-blocking layer and the p-cladding layer there.
We did the same analysis for hole currents and found that there were few holes that traversed the p-n-p-n current blocking layers because of their large effective mass and low mobility. We also examined the hole current that flowed between the active layer and the n-blocking layer (called the "leakage path") [14] and found that the amount is small (less than 1/10 of the electron current). This is because the hole current coming into the leakage path goes out into the active layer at the side of the active layer, since the potential of the active layer is high.
In this paper, the leakage current through the p-n-p-n current blocking layers (p-n-p-n leakage current) means the summation of (i) and (ii) in Fig. 2(b) . Fig. 4 shows the EL emitted from InP layers ( m) [15] . The EL was observed with a vidicon (sensitive to the visible and near-infrared light) at an operating current ( ) of 100 mA. A narrow-bandpass filter ( m) was located in front of the vidicon to suppress the 1.3-m light from the active layers.
III. EL MEASUREMENT AND DISCUSSION
A. Measurement of EL and Mesa Width Dependence of Leakage Current
The leakage minority carriers recombine near p-n junctions through radiative and nonradiative mechanisms. The recombi- nation rate is described as (1) where and are the electron and hole densities [1] . The first term ( ) is due to Shockley-Read-Hall (SHR) recombination (nonradiative). The second term ( ) is due to radiative spontaneous recombination. The third term ( ) is due to Auger recombination (nonradiative). Since carrier densities of InP layers are not high, nonradiative SHR recombination is dominant. However, a few of the leakage minority carriers should recombine through radiative spontaneous recombination, and we can observe the relative quantity of leakage current by measuring the EL intensity emitted from InP. As is expected by Fig. 2(b) , the EL is observed at both sides of the n-blocking layer apart from the active layer. Fig. 5 is the dependence of the EL intensity (total EL intensity emitted from the facet) on the mesa width and the temperature for an operating current ( ) of 100 mA. The EL intensity was measured by a silicon photodiode with the same narrow-bandpass filter used for EL observations. The p-n-pn leakage current is expected to be proportional to the mesa width from the results of Section II-B and the measured EL intensity is consistent with the conclusion. The EL intensity at 85 C is three times larger than that at 27 C for a mesa width of 15 m. The calculated ratio of the p-n-p-n leakage current at 85 C and 27 C is approximately 6, which is of the same order as the measured EL intensity. Note that this ratio is calculated at an operating current of 100 mA and is smaller than the ratio calculated at the threshold current. (See  [11, Fig. 6 ]. The ratio is 16.) Fig. 6 shows the measured EL intensity (total EL intensity emitted from the facet) for the lasers having 5, 7, and 10 wells, and note that the EL intensity decreases with an increasing number of wells. One question was why the EL intensity was affected by the well number, since the active layer and the n-blocking layer seemed to be independent. The answer is shown by the leakage currents (i) and (ii) of Fig. 2. Fig. 7 shows examples of the band diagram and current flow at the cross section of the p-n-p-n current blocking layers. The energy of the p-cladding layer near the active layer for the laser with seven wells is higher than that for the laser with five wells, since the threshold carrier density is lower due to the large optical confinement factor. Therefore, the energy of the adjacent p-blocking layer for the laser with seven wells becomes higher by this effect and, thus, the p-n-p-n leakage current becomes smaller.
B. Well Number Dependence of Leakage Current
The calculated leakage current for the lasers having five and seven wells are shown in Table I . The p-n-p-n leakage current of the laser with five wells is one and a half times larger than that for the laser with seven wells, and this is consistent with the EL measurement.
The difference of the threshold current ( ) in Table I is also due to the threshold carrier density as a result of the difference of the optical confinement factor. The threshold current was calculated from the threshold carrier density , which was determined by the peak gain (see [11, Fig 2] ) and the relation (2) where is the carrier density of the active layer, is threshold gain, is an optical confinement factor, is the internal loss in the active region, and and are the facet reflectivities. The calculated 's for lasers with five and seven wells were 0.022 and 0.046, respectively, and the average threshold electron-carrier densities were 3.8 10 cm and 2.7 10 cm , respectively. The threshold current consists mainly of the radiative spontaneous recombination current, Auger recombination current (in both active layers) and the p-n-p-n leakage current [11] . These currents for the five-well laser were 2.0, 12.9, and 4.1 mA, while those for the sevenwell laser were 1.6, 6.4, and 1.5 mA. Therefore, the threshold current difference was mainly due to the Auger recombination current which, in turn, was determined by the threshold carrier density.
The threshold current difference seems to be large compared with that of the experiment. This is because we used large Auger recombination coefficients m /s) [11] to examine the leakage current effects. Though the ratio of the Auger recombination current to the p-n-p-n leakage current changes according to the calculation parameters, the dependence of the EL intensity on the well number is not affected since the Auger recombination current and the p-n-p-n leakage current are calculated independently using the threshold carrier density.
It should also be mentioned that the result above was obtained by a 2-D simulation. In the 1-D simulation, 's for lasers having five and seven wells were 0.043 and 0.071, respectively, since the 's are affected by lateral optical confinement. The average threshold electron carrier densities for the five-and seven-well lasers were 2.8 10 cm and 2.5 10 cm , respectively, due to the large . The threshold current difference becomes smaller as a result of the low threshold carrier densities.
C. Carrier Density Dependence of Leakage Current
The carrier density of the p-blocking layer was changed from 1 10 cm to 2 10 cm and the measured EL intensity is shown in Fig. 6 . The EL intensity decreases with heavy doping, and this phenomenon is understood intuitively by showing the 3-D band profile. Fig. 8 shows the 3-D band profile for the laser with 2 10 cm doping, and we can see that the barrier height of the p-blocking layer is higher than that between the active layer and the n-blocking layer (the leakage path). The barrier height of the p-blocking layer increases compared with Fig. 3 and this decreases the p-n-p-n leakage current. Note that the width of the leakage path is set to be 1 m to show the difference clearly.
IV. CONCLUSION
The leakage current of a 1.3-m InGaAsP BH laser with pn-p-n current blocking layers is analyzed using a 2-D device simulator. The analysis of the minority carrier flow reveals that the leakage current consists of the hole current that flows between the active layer and the n-blocking layer, the heterobarrier leakage current in the active layer, and the p-n-pn leakage current. Quantitative analysis shows that the p-n-pn leakage current is dominant.
EL emitted from the InP layers ( m) is measured and compared with the simulation. The measured EL intensity has two peaks at both sides of the n-blocking layer apart from the active layer. The EL intensity decreases with increasing well number and carrier density of the p-blocking layer, and increases with increasing mesa width. These results are consistent with the results of the simulation.
